During stomatal opening potassium uptake into guard cells and K ؉ channel activation is tightly coupled to proton extrusion. The pH sensor of the K ؉ uptake channel in these motor cells has, however, not yet been identified. Electrophysiological investigations on the voltage-gated, inward rectifying K ؉ channel in guard cell protoplasts from Solanum tuberosum (KST1), and the kst1 gene product expressed in Xenopus oocytes revealed that pH dependence is an intrinsic property of the channel protein. Whereas extracellular acidification resulted in a shift of the voltage-dependence toward less negative voltages, the single-channel conductance was pH-insensitive. Mutational analysis allowed us to relate this acid activation to both extracellular histidines in KST1. One histidine is located within the linker between the transmembrane helices S3 and S4 (H160), and the other within the putative pore-forming region P between S5 and S6 (H271). When both histidines were substituted by alanines the double mutant completely lost its pH sensitivity. Among the single mutants, replacement of the pore histidine, which is highly conserved in plant K ؉ channels, increased or even inverted the pH sensitivity of KST1. From our molecular and biophysical analyses we conclude that both extracellular sites are part of the pH sensor in plant K ؉ uptake channels.
Plant growth, differentiation, cell and tissue polarity, as well as movements strongly depend on the formation of pH gradients across individual cell types (1) (2) (3) . Stomata that are formed by two guard cells represent a unique model for plant movement. Regulation of stomatal movement in higher plants is essential for efficient uptake of CO 2 at minimal water loss. Stomatal opening requires accumulation of potassium ions into guard cells. K ϩ uptake is mediated by K ϩ uptake channels, a process accompanied by the acidification of the apoplast (4-7). Due to differential pumping activity of the plasma membrane H ϩ -pump the apoplastic pH around closed and open stomata varies between 7 and 5 (8, 9) . Within this range changes in the extracellular proton concentration affect the activity of guard cell inward rectifying K ϩ channels (10) (11) (12) (13) . In contrast to their functional and structural animal counterparts, which are either not activated or even inhibited by protons (14, 15) , the guard cell K ϩ channel is activated upon extracellular acidification (10) (11) (12) (13) .
The molecular cloning of plant K ϩ inward rectifiers revealed a structural homology to animal outward rectifying K ϩ channels of the Shaker gene family (12, 16, 17) . Hydrophobicity analyses of their primary structure predicted six transmembrane domains (S1-S6) (12, 16, 17) . Whereas S4 is likely to represent the voltage sensor of these voltage-dependent channels, the amphiphilic linker between S5 and S6 (P) forms the conductive pore (18) . Based on the current molecular model of the Shaker channel we were able to relate structural elements of guard cell K ϩ inward rectifiers to stomatal physiology. In this context we have previously shown that a putative ATP-binding site in the amino acid sequence together with the requirement of KST1 for cytoplasmic ATP pointed to a tight coupling between channel activity and guard cell energy metabolism (12) .
Here, we demonstrate that protonation and deprotonation in response to the H ϩ pumping activity and acid metabolism modulates the K ϩ uptake channel. Proton-induced increase in whole cell currents of KST1 is due to a shift in the halfmaximum activation voltage rather than an increase in the single-channel conductance. To understand this mechanism of acid activation we studied the role of external histidine residues in the pH sensing of KST1.
MATERIALS AND METHODS
Generation of kst1 Mutants. For mutants H160D, H160R, and H160A, the PflMI͞BseRI segment of the kst1-coding region in pGEMHE (12) was replaced by PCR-generated fragments obtained with forward primer P1 (5Ј-CTGTGTGGACGAGTTC-CAAATGG-3Ј) and reverse primers P2XXX (5Ј-AGCAATCT-GAATCCAACTCCTCCGCTTTCTTTXXXACCCGTG-AAG-3Ј, with XXX ϭ GTC for aspartate, TCG for arginine, and GGC for alanine). To produce H271 and N274 mutants, a silent mutation creating a novel BglII site was first introduced into the kst1 coding region upstream of the H271 codon. This modification was achieved by exchanging the SphI fragment of the kst1 cDNA in the plasmid pKST1#8-1 (12) by a corresponding PCR fragment amplified with primers P3 (5Ј-CCATTCCAATCAT-TGATCCTCG-3Ј) and P4 (5Ј-CTCAGCATGCAGATCTCCA-TAACCG-3Ј). To obtain H271 mutants, the BglII͞StyI fragment of the modified kst1 sequence was replaced by fragments generated via PCR using reverse primer P5 (5Ј-TTGCTTCGGAGG-GAAGTATTCAGCTTC-3Ј) and forward primers P6XXX (5Ј-CGGTTATGGAGATCTGXXXGCTGAGAACTC-3Ј, with XXX ϭ GAC for aspartate, CGA for arginine, and GCA for alanine). For N274 mutants forward primers P7XXX (5Ј-ATGGAGATCTGCATGCTGAGXXXTCTAGAGAG-ATGC-3Ј, with XXX ϭ GAC for aspartate and GCA for alanine) and reverse primer P5 were employed. Mutated kst1 cDNAs were cloned as Asp718͞BamHI fragments (blunt-ended; sense orientation) into the SmaI site of vector pGEMHE (19) . All modifications were verified by DNA sequence analysis using the T7 Sequencing Kit from Pharmacia. Double mutants were derived from the corresponding single mutants by exchange of DNA fragments.
Patch-Clamp Recordings on Potato Guard Cell Protoplasts (in Vivo)
. Patch-clamp studies on potato guard cell protoplasts were performed as described (12) . The bath medium was adjusted to pH 8.5 and to pH 7.4 with 10 mM Hepes-Tris, to pH 6.5 and to pH 5.6 with 10 mM Mes-Tris, and to pH 4.5 with 10 mM citrate-Tris. Single-channel events recorded from excised outside-out patches with 100 mM K ϩ in the bath and 150 mM K ϩ in the pipette were filtered at 1 kHz. Expression of kst1 and Mutants in Xenopus Oocytes and Voltage-Clamp Recordings (in Vitro). Xenopus frogs were purchased from Nasco (Fort Atkinson, WI). Oocytes were isolated as described elsewhere (20) and injected with 1-10 ng of cRNA per oocyte using a General Valve (Fairfield, NJ) Picospritzer II microinjector. Forty-eight hours after injection whole-cell K ϩ currents were measured with a two-microelectrode voltage-clamp amplifier (Turbotec-01C; NPI Instruments, Tamm, Germany) using 0.5-2 M⍀ pipettes filled with 3 M KCl (12) . Solutions were composed of 30 mM KCl, 2 mM MgCl 2 , and 1 mM CaCl 2 . pH values were buffered with 10 mM Mes-Tris (pH 5.2-6.5) and 10 mM Tris-Mes (pH 7.0-9.2), respectively. All solutions were adjusted to 220 mOsm with
Biophysical Analyses. Open probabilities (p o ) were deduced from a double-voltage step protocol. In two-electrode voltageclamp measurements time-and voltage-dependent K ϩ currents were induced during the first 5 s activation pulse to hyperpolarizing voltages (V) between Ϫ50 mV and Ϫ170 mV in Ϫ10 mV increments. § During the second pulse to a fixed voltage (V F ϭ Ϫ70 mV) inward currents relaxed. The I 0 -V relationship, obtained from extrapolating the relaxation time course of the second pulse to t ϭ 0 ms with an exponential function, is proportional to the open probability of the channel at the end of the activation pulse:
where N denotes the number of KST1 channels within the membrane, I 0 the instantaneous tail current, V F the voltage of the following-pulse, and i(V F ) the single channel current at V F (N⅐i(V F ) ϭ const.). Patch-clamp data analyses were performed based on the same equations and similar voltage protocols.
To obtain biophysical parameters that allow a comparative analysis of acid activation, we described the channel by a two state model (closed and open). Independent of its state the channel can be protonated or deprotonated. According to the law of mass action the distribution between protonated and deprotonated states can be described by Here V s denotes the slope factor, which is correlated to the gating charge, and V1 ͞ 2 the pH-dependent half-activation voltage
where V 1͞2 ϱ corresponds to the half-activation voltage of the completely deprotonated channel. § Due to the slow activation kinetics of KST1 steady state was not reached within 3-s, 5-s, or even 20-s pulses. However, we have previously shown that results obtained with 3-s or 5-s pulses are qualitatively similar to those obtained with 20-s pulses (11, 12) . In the whole-cell configuration guard cell protoplasts from Solanum tuberosum were clamped at Ϫ63 mV to elicit inward K ϩ currents during subsequent 3-s pulses to Ϫ180 mV. (B) Two-electrode voltage-clamp recordings of inward K ϩ currents through kst1 expressed in Xenopus oocytes. With the oocyte clamped at Ϫ20 mV KST1-specific inward K ϩ currents were induced by membrane hyperpolarization to Ϫ170 mV. In contrast to KAT1 an artificial acidification of the cytoplasm of oocytes using acetate did not affect the gating behavior of KST1 (data not shown). In both systems channel activity of the inward rectifier increased with the extracellular proton concentration (pH 7.4-5.6). (C) Open-closed transitions of single inward K ϩ channels in cell-free outside-out membrane patches from isolated protoplasts exposed to pH 5.6 and 7.4. Single channels were recorded between t ϭ 100 and 300 ms during steps to voltages indicated from a holding potential of Measured open probabilities were fitted with Eq. 1 whereby the half-activation voltage V1 ͞2 was determined for each pH value independently, whereas the slope factor V s was adjusted for each cell.
Cloning of K ؉ Channel Sequences. Additional K ϩ channel sequences were identified by reverse transcriptase-PCR experiments. For this purpose poly(A) ϩ RNA was isolated from different plant species and tissues using the RNeasy extraction kit (Qiagen, Chatsworth, CA) in conjunction with paramagnetic beads (Dynal, Oslo). Obtained mRNA was reverse transcribed using Superscript RT (GIBCO͞BRL) and an oligo(dT) 16-mer primer according to the manufacturers instructions. The resulting 1st strand cDNA was used in PCR experiments as template for the amplification of K ϩ channel fragments. The primers used were designed on the basis of the plant K ϩ channel consensus sequences FFAIDI (forward primers) and MLFNLG (reverse primers). Whenever possible codon usage-based primers were designed. In other cases inositoles substituted for variable bases within certain codons. Due to the choice of primers a 600-bp PCR fragment could be expected which was extracted from the agarose gel (Jet-Pure; Genomed, Bad Oeynhausen) and cloned into the EcoRV site of the pZERO plasmid (Invitrogen). Cloned K ϩ channel fragments were verified by sequencing and sequences were deposited in GenBank database.
RESULTS

Protons Modulate the Voltage Dependence.
To elucidate the molecular mechanism of pH sensing, K ϩ uptake was studied after heterologous expression of kst1 in Xenopus oocytes (in vitro) and in in its natural environment in isolated guard cell protoplasts from Solanum tuberosum (in vivo). Using the whole-cell configuration of the patch-clamp technique (21), we recorded inward K ϩ currents in protoplasts in response to plasma membrane hyperpolarization. When changing the pH of the extracellular solution from 5.6 to 7.4, the currents of the inward rectifying K ϩ channel decreased in a reversible manner (Fig. 1A) . These two pH values reflect apoplastic conditions around closed (pH 7) and open stomata (pH 5) (8, 9) . To test whether protons directly act on the channel protein we heterologously expressed kst1 in Xenopus oocytes. Because the capability to activate upon acidification has been maintained in KST1 (Fig. 1B) , the interaction with protons, like voltage and ATP activation (11, 12, 22) , seems to reflect an intrinsic property of the K ϩ channel protein. While the single-channel conductance of the guard cell channel (7.4 Ϯ 0.8 pS, n ϭ 8) (P.D. and R.H., unpublished data) was pH-insensitive (Fig.  1C) like the parameter N⅐i(V F ) obtained from experiments in oocytes (see Materials and Methods), the voltage-dependent activation of the K ϩ uptake channel in isolated protoplasts changed as a function of the extracellular pH (Fig. 1D) . With decreasing pH the half-maximum-activation potential V1 ͞2 shifted to less negative potentials.
The Role of Histidines in pH Sensing. Histidines, cysteines, and glutamates are proposed to mediate the proton block of animal inward-rectifying K ϩ and cyclic nucleotide-gated channels (15, 23) . Most strikingly KST1 contains no external cysteine, but two external histidines. One histidine is located within the linker between S3 and S4 (H160) and another in the outer pore (P) of the potato guard cell K ϩ channel (H271) (Fig.  2A) . To determine whether these histidines represent key amino acids of the pH sensor we generated histidine mutants of KST1. When both extracellular histidines were replaced by alanines, the double mutant KST1-H160A͞H271A completely lost its pH dependence (Fig. 2 B and C) . To distinguish between the relative contribution of these two sites we initially focused on the role of the pore histidine 271. Single mutations at this position affected the pH dependence drastically. Substitution by aspartate (KST1-H271D) further increased the pH sensitivity, whereas replacement of histidine by arginine (KST1-H271R) even inverted the pH dependence (Fig. 3 A  and B) . Following the removal of the charge at position 271 (KST1-H271A), KST1 still exhibits a significant but less pronounced pH sensitivity (Fig. 3B) . In the next step we analyzed H271-related mutations at position 160 (KST1-H160A, -H160D, -H160R). All these mutants independent of the charge at this site were less pH-sensitive, when compared with the wild type (Fig. 3C) . Identical mutations in the pore asparagine 274 (Fig. 2 A) , however, did not alter the pH dependence (not shown). We therefore propose that both histidines in KST1 are required for the pH sensing mechanism.
The Pore Histidine Together with Asparagine Represent Plant-Specific Residues. To decide whether pH sensing based on histidines may represent a guard cell-specific feature, we identified further K ϩ channel sequences from various plant species and cell types (Fig. 4) . These new sequences (marked by an asterisk in Fig. 4 ) were aligned to known sequences of plants, yeast, bacteria, and animals. This comparison revealed that the histidine at position 271 together with asparagine N274 is highly conserved among plants, but is not restricted to the guard cell channels KST1 and KAT1. Kv1.3, a mammalian lymphocyte K ϩ channel, contains the pore histidine, too (ref. 24 and Fig. 4) . However, the pH sensitivity of Kv1.3 does not depend on this histidine (25) .
DISCUSSION
In this study we demonstrated that acid activation of the potato guard cell K ϩ uptake channel KST1 is due to a shift in the voltage dependence rather than an increase in the singlechannel conductance (Fig. 1) . This mechanism fundamentally differs from that found for cyclic nucleotide-gated and inwardrectifying K ϩ channels in animals. In the latter protons block the open channel and thereby reduce the single-channel conductance (15, 23) . Consequently, we would expect a different molecular basis for pH dependence in plant K ϩ channels. In line with this hypothesis we identified a plant-specific histidine in the outer pore of K ϩ uptake channels in all plant species and tissues investigated (Fig. 4) . Because mutations of this residue in KST1 drastically affected the pH sensitivity we conclude that H271 plays a central role in the pH sensing mechanism. The conservation of the pore histidine may implicate that acid activation represents a common regulation mechanism of plant K ϩ uptake channels. The histidine (H160) of the potato K ϩ channel which seems to be related to the pH dependence of KST1 too, was not found in other plant K ϩ uptake channels cloned so far. Variations at this position may therefore result in a species-and cell type-specific fine-tuning of the pH effect.
Because the pH-dependent shift of the half-activation voltage implicates interaction between pH sensing and gating, future detailed analyses will address the question about the molecular link between the pH and the voltage sensor.
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